Metal atoms have proved to be sensitive probes of the properties of superfluid helium nanodroplets. To date, all experiments on the doping of helium droplets have concentrated on the attachment of metal atoms in their ground electronic states. Here we report the first examples of metal atoms in excited states becoming attached to helium nanodroplets. The atoms in question are aluminium and they have been generated by laser ablation in a metastable quartet state, which attaches to and remains on the surface of helium droplets.
. Almost all such studies have concentrated on metal atoms with either no or one unpaired electron and these have been added to the droplets in their electronic ground state; the only higher spin systems that have been investigated are chromium atoms, weakly bound alkali dimers and trimers, and the silver dimer [14] [15] [16] [17] [18] .
Reported here are results from experiments where aluminium atoms have been ablated by laser from a solid sample of the metal in the presence of helium nanodroplets.
From these experiments the presence of metastable aluminium atoms in the 4 P (3s3p 2 ) state at ~29,000cm -1 above the ground state [19] [20] [21] has been established through observation of a series of 13 separate electronic transitions originating from this electronic state. In complete contrast to almost all previous studies, the wavelengths at which spectral transitions are recorded for these metal atoms in helium droplets exhibit almost no shift from those measured in the gas phase [19] . Transitions involving the metastable 4 P states also exhibit comparatively narrow linewidths, which is again very unusual for helium nanodroplets.
Narrow linewidths have been reported previously [14, 22] and in some cases interpreted as being due to a very weak interaction between the metal atom and the surrounding helium atoms [22] .
There has been one previous study of the electronic transitions of aluminium atoms in helium droplets, by Reho et al. [23] . These authors identified two very broad absorption features (FWHM ~ 420 cm -1 ) that were assigned to transitions from the 2 P ground state to the lowest 2 D excited state and the authors concluded that spin-orbit coupling in the 2 D state is quenched by the helium [23] . Previous observations of the spectra of alkali atoms in bulk helium have been interpreted in terms of a mechanism whereby excited spin-orbit states undergo rapid non-radiative relaxation to the lowest (Ω = 1/2) level [24] . In contrast, the spectra presented here involve a number of spin-orbit states of electronically excited Al and there is no evidence of quenching. With the current high level of interest both in Rydberg atoms and their coherent control and the physics of ultra-cold atoms, state selectivity on the part of helium nanodroplets may provide a mechanism for generating and transporting excited atomic species.
The two instruments employed in these experiments use very similar methods to prepare helium droplets, but differ with regard to the technique used to record photoionization signals from Al atoms. Fig. 1 shows a generic overview of the apparatus and further details of how each experiment has been undertaken can be found in the Supplementary Information. Photoionization spectra between 42,000 and 44,000 cm -1 have been recorded by monitoring Al + signals as a function of laser wavelength following metal ablation in three separate regions of the apparatus. To establish which electronic states are being produced during laser vaporization, Fig. 2a shows a spectrum recorded from isolated Al atoms ionized under gas phase conditions in the ion source of the reflectron (region 3 in figure 1 ). Fig.2b shows the same scan range, but recorded from Al atoms ablated in the expansion region of the cooled nozzle (region 1 in figure 1 where helium droplets containing 10 3 -10 4 helium atoms were being formed). Note the three transitions seen in Fig. 2a at ~ 42120 and ~42230 cm -1 that are known to originate from aluminium atoms in the ground state [19] , disappear in Fig. 2b due to spectral shifts identified by Reho et al. [23] . With the latter transitions omitted, two separate scans between 42,000 and 44,000 cm -1 show a total of 13 transitions associated with Al ablated in region 1 (see Fig. S5 for a complete scan). A search of known electronic transitions in aluminium atoms that, with a single photon, would place atoms above the lowest ionization limit (48,278.37 cm -1 ) at the energies covered [19] [20] [21] , suggests that all of the transitions shown in Fig. 2b originate from spin-orbit sub-states derived from the Al 4 P (3s3p 2 ) state, which lies approximately 29,000 cm -1 above the ground state. This state of Al is metastable because transitions to the ground electronic state are forbidden by both orbital and spin angular momentum selection rules, and thus a relatively long radiative lifetime is anticipated. One-photon transitions out of the 4 P state would place the atoms in Rydberg states lying at ~71,000 cm -1 from where they could undergo autoionization. Similar sharp features seen in the UV spectra of sputtered silver atoms have been attributed to one-photon excitation from a metastable state of Ag I to a series of Rydberg states that subsequently autoionised [25] .
To verify that the strong Al + signals shown in Fig. 2b are associated with the helium droplets and are not from Al atoms becoming entrained in the gas flow, additional spectra were recorded on a second apparatus. Here Al atoms were ablated in the presence of a collimated beam of helium nanodroplets (region 2 in figure 1 where droplets contain ~ 10 4 atoms). What characterises these measurements is that it has been possible to monitor the intensities of the adduct ions, Al + (He) n , as a function of laser wavelength. These results are shown in Fig. 3 , where a summation of the intensities of the n = 1-3 signals is compared with measurements of the Al + signal recorded under identical circumstances. As can be seen, over the range selected, 42100 -42225 cm -1 , there is an excellent match between the two spectra.
Since the beam density in the ionization region is very low, there is no possibility of bare Al + ions undergoing the three-body collisions necessary to generate Al + (He) n complexes, thus demonstrating that the sharp spectral transitions are indeed due to aluminium atoms attached to helium nanodroplets. Table 1 lists the 13 transitions which have been identified as due to the metastable 4 P (3s3p 2 ) state together with their shifts with respect to the gas phase transition energies and their linewidths. The magnitudes of the shifts are all close to the grating/calibration errors; but there appears to be a very small and consistent shift associated with the majority of transitions. Table II shows the properties of potential energy curves calculated for Al-He n clusters using CCSD(T) methodology. Details of the calculations are to be found in the Supplementary Information. These calculations are for an aluminium atom in the 4 P (3s3p 2 ) state, which arises from the promotion of one of the electrons from the full 3s orbital in the ground state to an unoccupied 3p orbital in the 4 P state. The key difference between this state and the ground electronic state is that there are now two occupied 3p orbitals and one unpaired 3s electron. In the 1 4 Π state of the Al-He dimer there is an electron in the 3p z orbital pointing towards the helium atom and, as Table II shows, the resulting complex has a calculated binding energy of just 4.81 cm -1 and an internuclear separation, R min , of 5.38 Å. In contrast in the 1 4 Σ state the 3p z orbital is unoccupied and has a computed well depth of 173.9 cm -1 . A similar pattern is observed for Al-He 2 , where the binding energy per atom remains high. In the Al-He 4 complex the quartet state will necessarily have at least one occupied 3p orbital orientated towards a helium atom. Similarly, for Al-He 6 the two atoms coordinating in the z-direction are again strongly bound, whilst the remaining four atoms bind more weakly.
Overall, a consequence of increasing coordination is that the high binding energies seen for the smaller complexes start to decline. However, for Al-He 6 the binding energy per helium atom is calculated to be 41.3 cm -1 , which is still four times larger than for the corresponding 2 P electronic ground state [23] . In a final calculation, the preferred coordination of ground and excited state atoms has been compared in a cluster consisting of 98 helium atoms. From the results shown in Table II it can be seen that ground-state aluminium prefers, by a very small margin, to be at the centre of a droplet, whereas the 4 P excited state favours a surface site by the larger margin of 83 cm -1 . A significant fraction of this additional stability comes from a strong association between 4 P aluminium and a single helium atom. Optimised structures for the clusters with ground and excited state Al atoms are shown in Fig. 4 . These results are significant for two reasons; first, the calculations show that in the experiment where excited state atoms become attached to pre-formed helium droplets, the atoms will remain on the surface. Second, in the experiment where excited state atoms are entrained in the helium expansion close to the nozzle (region 1 of Fig. 1 ), any aluminium atoms solvated in droplets will have an energy incentive to move to the surface. Overall, the results show that the excited quartet state of the aluminium atom could occupy a comparatively stable site on or close to the surface of a helium droplet, where it would still be more strongly bound than solvated ground state atoms. Table I involve all possible spin-orbit levels of the initial state, which implies a complete absence of any of the angular momentum relaxation mechanisms that have been discussed previously for both aluminium in helium droplets and for certain alkali metals in bulk helium [23, 24, 26] . The latter experiments have linked spinorbit quenching to the formation of exciplexes, and metals with small spin-orbit splittings, such as Li and Na, seem particularly susceptible [26] . In helium droplets the evidence is somewhat contradictory; surface-bound Na and K atoms not only form exciplexes with small numbers of helium atoms, but there is also an absence of spin-orbit quenching [27, 28] .
The transitions identified in
Excited state metal-helium molecular orbitals associated with exciplex formation are exclusively of Π symmetry and excitation to any state with Σ symmetry is assumed to result in desorption of the bare metal atom [29] . In contrast, the strongly-bound dimer state identified here for the 4 P Al atoms has Σ symmetry. There is the possibility that diatomic Π state exciplexes involving the 3s3p 2 state are being expelled from the droplets and then photoionized. However, were that the case, then the subsequent excitation/autoionizing step might have been expected to yield vibrational structure, and that is not seen in either Fig. 2 or To account for the observation of the strong Al + signal after metastable excitation the following sequence of events is proposed. First, Al atoms in the 4 P excited state are assumed to reside on the surface of helium droplets, which is strongly supported by the calculations presented here and by the experimental observation of narrow linewidths and negligible line shifts for spectroscopic transitions relative to the gas phase. Indeed these observations suggest minimal interaction with the helium. Following photoexcitation, it is proposed that the resultant autoionizing state is expelled from the droplet prior to ionization, which would then ensure that predominantly Al + ions are formed in the process. A very similar sequence of events has been proposed by Federmann et al. [30] to account for the appearance of narrow absorption features in their Rydberg spectra of silver atoms trapped in helium droplets.
However, unlike their system [31], the excited aluminium atoms reported here must undergo discrete excitation to an autoionizing Rydberg state before expulsion because the entire process requires just one rather than two photons. Three laser vaporisation sources of metal atoms were constructed to introduce ground and excited state atoms into the experiment [2, 3] . At Nottingham the source consisted of an aluminium rod mounted on a stepper motor and located 6-10 mm downstream of the expansion orifice. Ablation was achieved by focussing the 532 nm output from a 10 Hz Nd:YAG laser (average power 10mJ pulse -1 ) and material from the plume was captured in the expanding helium beam during droplet formation. droplet size in these experiments is estimated to be between 10 3 and 10 4 He atoms [4] . A second separate apparatus (Leicester, apparatus II, a schematic is shown in Fig. S 4) , operating at a temperature and pressure of 6 K and 10 bar, respectively, produced droplets with a mean size of ~ 10 4 atoms and had an ablation source positioned after the first skimmer.
In this source the helium droplets were already formed when they interacted with aluminium atoms ablated at 1032 nm.
On apparatus I, the signal to noise ratio for the capture and ionization of Al in helium droplets was optimised in a series of experiments performed under different conditions of stagnation pressure and ablation source position. Using two of the spectral transitions identified in Table 1 , the intensity of the Al + photoion was monitored as a function of stagnation pressure with the expansion nozzle temperature, T 0 , held constant and the rod positioned 10 mm from the beam axis. The most notable observation was that at high pressures (~20 bar), which should produce the largest helium droplets, the Al + signal was at its lowest. The experiments also showed evidence of a slight variation in response from the two electronic transitions as a function of nozzle pressure. From this study it was determined that optimum pick-up of aluminium atoms was achieved with a nozzle pressure of ~ 10 bar.
At pressures below this value the nozzle orifice became increasingly susceptible to blockages caused by ablated metal.
A second series of experiments measured variations in signal intensity as a function of ablation rod distance from the droplet beam axis. The most intense signal was achieved with the rod placed 12 mm from the beam axis. As expected, larger distances led to a drop in intensity due to a reduced Al atom density in the ablation plume as it expands from the rod. However, positions < 12 mm also gave a significant drop in signal intensity, and this was attributed to the high initial velocity and density of the plume destroying the droplets.
Evidence to support this proposal came from measurements using the single ion monitoring facility on the quadruple mass spectrometer, where the intensity of He 2 + generated by electron impact was recorded as a function of time using a 10 Hz trigger from the ablation laser. For rod distances below 5 mm scattering by the ablation plume depleted the He 2 + signal linearly with distance, until at 0.5 mm when the ion signal disappeared completely.
A second ablation target on apparatus I was located close to the ion source of the ReTOF mass spectrometer and provided bare atoms that could be photoionized for the purposes of both acting as calibration points and as a means of separately identifying excited states produced as a consequence of the ablation process. This source has been constructed using a metal disk mounted level with the centre line of the droplet beam and equidistant between, but external to, the repelling and focusing plates of the ReTOF. The disk was attached to a stepper motor on an externally adjustable position mount, which facilitated control of the distance of the disk from the centre of the ion source. The mount was earthed to prevent space charge distortion of the repelling voltages. What most distinguishes the ReTOF gas phase spectrum (upper trace in Fig. S 5) from that recorded in the presence of the helium droplets (lower trace in Fig. S 5) is the appearance in the former of three clearly identifiable strong lines, a pair near ~ 42130 cm -1 and another at ~ 42230 cm -1 , which disappear completely in the latter due to a spectral shift from their association with helium droplets.
These peaks can be assigned as due to multi-photon transitions from the 3s 2 3p( 2 P o ) electronic ground state to the ionization continuum of Al via an intermediate 3s 2 4d( 2 D) state, and they have been the subject of a detailed experimental and theoretical study by Scoles et al. [5] Overall, our diagnostics of the metal(M)-doped helium droplets closely match those used by other groups where mass spectrometry has been used to monitor M + and M + He n ions following either metal ablation or metal atom pick-up from an effusive cell [2, 3, 6] .
Aluminium ions formed during the ablation process are not able to enter the reflectron timeof-flight mass spectrometer because of the high positive potential on the repeller plate. The laser operating in conjunction with apparatus I has been calibrated with a wavemeter and that on the apparatus II calibrated with an optogalvanic cell. Experiments showed the intensities of the sharp spectral features in Fig. S 5 to vary linearly as a function of laser power.
Finally, Fig. SI 6 shows the result of an experiment where the temperature of the expansion nozzle has been gradually increased and at the same time transformed into an equivalent average droplet size using a scaling relationship [7] . A strong correlation between the appearance of the Al + signal and the presence of large droplets emerging from the nozzle is seen. From Fig. 3 , there also appears to be a good match between the minimum size of droplet required to pick-up a metal atom and the number of helium atoms typically assumed to evaporate on capturing that metal atom, i.e. several hundred helium atoms [2] .
Details of the theory
Potential energy curves have been computed for the interaction of ground (3s 2 3p 2 D) and excited state (3s3p 2 4 P, see below) aluminium atoms with 1 -6 helium atoms in each of the configurations shown in Fig. S 7 (the structures shown are not intended to represent global minima). Coupled cluster theory with single and double excitations and perturbative triple excitations (CCSD(T)) in conjunction with large doubly augmented correlation consistent basis sets [8, 9] has been used as implemented in the MOLPRO software package [10] , and corrected for basis set superposition error at each point [11] . It is shown below that the level of theory adopted gives results that agree well with previous calculations on a ground state aluminium atom in association with small numbers of helium atoms [5] .
Optimized structures and binding energies of ground and excited state aluminium atoms at the centre and surface of a 98 atom He cluster were calculated at the RI-MP2/6-31++G* level of theory. Starting structures for optimization were generated by placing Al atoms at both the centre of a cluster and above distinct binding sites on the surface. The resultant structures are shown in Fig. S 8. We have calibrated the theory by showing how results calculated for ground state aluminium atoms in association with helium compare with those presented previously by
Reho et al. [5] . Table S 1 perpendicular to the inter-nuclear axis, respectively. As can be seen, the 1 2 Π state is more strongly bound than the 1 2 Σ state because, when the unpaired electron is in the 3p z orbital, the helium atom experiences a greater repulsion. In the 1 2 Π state, the helium atom is much closer to the aluminium at the minimum and interacts more strongly with the atom. With the d-augcc-pV5Z basis set, the calculations predict well depths of 19.38 cm -1 and 3.72 cm -1 relative to the Al(Ne3s 2 3p 1 ) + He(1s 2 ) asymptote for the 1 2 Π and 1 2 Σ states, respectively. The equilibrium Al-Al separation of 3.95 Å for the 1 2 Π state is significantly smaller than the value of 5.80 Å calculated for the 1 2 Σ state. However, both data sets compare favourably with the results of Reho et al. [5] who reported values of 16.45 cm -1 with R min = 4.12 Å for the 1 2 Π state and 3.74 cm -1 with R min = 5.10 Å for the 1 2 Σ state using a Hartree-Fock with damped dispersion approach. The effects of spin-orbit coupling have not been considered in this work. While the 1 2 Π and 1 2 Σ states will interact through spin-orbit coupling, previous work [5] showed relatively little difference in the well depth and internuclear separation between the 1 2 Π and 1 2 Π1/ 2 and the 1 2 Σ and 1 2 Σ1/ 2 states.
The very large d-aug-cc-pV5Z basis set contains h functions for aluminium and g functions for helium and is not practical for investigating systems larger than the Al-He dimer. As Table S 1 shows, potential energy curves calculated with a d-aug-cc-pVQZ basis set give very similar results to those determined from the more accurate calculations, and so the former has been adopted for the larger AlHe n complexes. These data are shown in Table   SI 2, where it can be seen that the calculated results for Al-He 2 are similar to those found for the dimer, with the 1 2 Π state being more strongly bound. The equilibrium bond length is 4.00 Å, and the total binding energy is approximately double that of the dimer. As might be expected, the most stable Al-He 4 cluster has the four helium atoms lying in the xy plane with the unpaired electron occupying the 3p z orbital. This state has a binding energy of 73.07 cm -1 , which when considered as an energy per helium atom, ε/n, is very close in value to the 1 2 Π state of Al-He 1 . Al-He 6 probably represents the most realistic model for a helium droplet, but for these calculations it was necessary to use the smaller d-aug-cc-pVTZ basis set. As Table  S 2 for the 3s3p 2 ( 4 P) excited state . 
